SECTION V

QUALITY ANALYSIS

Quality analyses may be performed at several levels of detail,
ranging from an explicit formulation of runoff quality for small
‘subcatchments within a city to a broad representation of pollutant
loads for an entire urbanized area, state or region. It has been
necessary to consider the entire spectrum during the covrse of this
research.

Tt is unfortunate that perhaps the only consistent remark about
urban runoff quality analysis in general is that data and results
of previous studies are so remarkably inconsistent. As discussed
in Volume III of this report, few studies have been made of charac-
teristics of street litter, and they offer a wide range of values
of concentrations and loads. Effluent data show a similar scatter.
However, it is necessary that a decision be made regarding actual
values for use in the analysis. This section will describe methods
used for predicting runoff quality, data required for their use,
and final results used in this study.

QUALITY PARAMETERS

Parameter Definitiong»

Urban runoff quality may be characterized by a variety of parameters,

as documented in Volume III. However, the list is generally shortened
for modeling purposes to those characteristic of solids, oxygen demand,
health hazards and aquatic growth potential, as indicated in Table V-1,
Typical Quality Parameters of Urban Runoff Models. It is discouraging
that even at this juncture, a serious problem of definition of terms
arises because of various possibilities for analyzing and reporting
quality parameters. The assurance that analyses have been performed
according to Standard Methods! is not enough information. For example,
solids are sometimes reported as '"residue" instead of solids, and
"filterable residue'" instead of "dissolved solids," because of the
nature of the evaporation and filtration techniques utilized in the
chemical analyses. Generally, "solids" and "residue' are synonymous,
and "solids" will be used in this report. Another problem arises from
the fact that pollutants may be in both soluble and insoluble forms.
Some studies report concentrations of only the soluble portions of, say,
BOD and PO,, leading to unrealistically low values if the reader mis-
takenly thénks of them as total (soluble plus insoluble) concentrations.
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TABLE V-1. TYPICAL QUALITY PARAMETERS OF URBAN RUNOFF MODELS

Quality Characteristic Representative Quality Parameters

Solids ‘Surface "Dust and Dirt"
Surface "Solids"
Total Solids
Suspended Solids
Dissolved Solids
Volatile Solids

Settleable Solids

Oxygen Demand BOD, COD
Total Organic Carbon
Organic N, NO

2s NHj

Health Hazards Total Coliforms

Fecal Coliforms

Aquatic Growth Potential Ortho-—PO4

Total PO4

NOZ’ NO Total N

3’
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On the other hand, it is important to know the relative soluble-
insoluble fractions of pollutants since this has a major impact
upon treatability. That is, pollutants that appear as suspended
solids are relatively easy to remove (e.g., by sedimentation) com-
pared to those that are soluble.

To further complicate the picture, no clear relationship exists
between data derived from studies of surface litter (gathered by
sweeping, vacuuming, flushing) and those resulting from analysis

of the runoff itself (e.g., samples of storm and combined sewage
effluent sources). There is no study in which samples of

both types have been gathered simultaneously. Hence, the relation-
ship between the two is not well defined, and it is difficult to
draw conclusions from all data considered together.

In this report, the solids .relationship of Figure V-1, Relationships
Among Solids Parameters, applies. Note that total solids (TS) is the
sum of dissolved solids (DS) plus suspended solids (SS), and that
total, dissolved and suspended solids may be separated into a volatile
portion (generally considered the organic portion) and a fixed portion.
Volatile solids (VS) will refer to a portion of total solids in this
report, unless otherwise indicated. Settleable solids are some
fraction of suspended solids. Note, finally, that an upper limit on
the size of total solids reported is imposed by the size of the
openings in the sampling equipment (e.g., a quarter-inch mesh screen).

Similar diagrams may be prepared for nitrogen and phosphorus, as

shown in Figure V-2, Relationships Among Nitrogen Parameters, and
Figure V-3, Relationships Among Phosphorus Parameters. For these
parameters it is necessary to know whether concentrations are being
reported of the element itself (e.g., phosphorus) or the ion

(e.g., PO,), although conversions can readily be made on the basis

of the mo&ecular'weight of each. Regarding the nitrogen relationships,
all concentrations should be reported in terms of N (i.e., NO,-N,

NOS—N, NHB-N) in order for mass balances to be performed easily.

Parameters for Assessment

For purposes of the nationwide assessment, five parameters will be used
that are representative to some degree of the quality characteristics
indicated in Table V-1. These are indicated in Table V-2, Quality
Parameters Used in Nationwide Assessment.

Five-day BOD is used because of its broad acceptance and traditional
role in water quality analysis. Its usefulness is severely impaired

by the great difficulty in performing accurate and consistent laboratory
analyses. For instance, there is no standard for laboratory comparison,
and low-level values (e.g., 10 mg/l) are especially susceptible to
errors of up to 100 percent. Moreover, studies have shown that results
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TABLE V-2. QUALITY PARAMETERS USED IN NATIONWIDE ASSESSMENT

Note: All parameters (except suspended solids) are totals that
include dissolved and insoluble portions, and are usually
determined as in Standard Methods.l All are usually
reported in concentration units of mg/1l (equivalent to ppm).

Parameter ' Abbreviation

1. Five-Day Biochemical Oxygen Demand BOD5 or BOD

2. Suspended Solids S8
3. Volatile Solids (Total) Vs
4. Total Phosphate (as POA) PO4 of TPO4
5. Total Nitrogen (as N) N

are affected by the percent dilution and are generally not

reproducible.? 1In addition, samples are affected by amounts of
heavy metals and other parameters present. Use of COD and/or TOC
avoids these problems for the most part, but their relationship
with traditional stream sanitation analysis (i.e., prediction of
dissolved oxygen) is unclear, and most people are used to thinking
in terms of BOD. It is used in this study, realizing its limi-
tations.

The other four parameters are used because of general acceptance
and availability of data. It should be borne in mind that many
options are available for modeling purposes, and the choice of
parameters is somewhat arbitrary.

PREDICTIVE TECHNIQUES

Pollutant loads

The quality prediction techniques found in most urban runoff models
(e.g., SWMM, STORM) rely upon generation of an initial surface load
of pollutants. This load is usually expressed in units of 1bs,
1lbs/acre, 1bs/curb-mile, 1lbs/day-acre, or lbs/day-curb-mile (or
equivalent metric units). Normalized loads are, of course, multi-
plied by a unit of area, dry days, etc., to produce an initial mass
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of pollutants at the start of the storm. Pollutants are then
"washed off" during the storm in an exponential fashion, in which
the amount removed per time step is proportional to the amount
present, the runoff rate, and other factors.. See swummM3: % and
STORMSf6 documentation for details of this methodology. The key
factor in prediction of long-~term (e.g., annual) pollutant loads
from urban areas is, however, the surface loading rates themselves,
and most of the following discussion will be devoted to them.

Surface loadings are usually predicted by one of two means: estimates
based on surface accumulation data or estimates based on measurements
of effluent concentrations and flows. As mentioned earlier, no one
study has performed the analysis both ways, so comparisons are not
easily accomplished. However; to attain the objective of this analysis,
normalization of loading rates by some means that could be converted to
total mass of pollutants upon multiplication by area, days and/or other
appropriate parameters was necessary. As a result, both methods were
utilized.in the development that follows.

Surface Accumulation Methods

Both SWMM and STORM use this method for prediction of the total
soluble mass of pollutants available at the beginning of a storm.
It is based upon the following equation, given in US -customary
units

Pyg=ddy " Fy gt Gyt Ap NP | (v-1)

i,j i - Sdi,g- L,1i
where Pi .= total soluble pounds of pollutant j on ufban
*J land use i at the beginning of the storm,:
ddi = pounds of accumulated dust and dirt on land
use i (or "surface solids") per, curb-mile per
dry day, ‘

Fi i = soluble pounds of pollutant j per pound of
? dust:and dirt found on land use i,

GL = curb-miles per acre of land use i,
3

Ai = area of land use i, acres,
ND = number of dry days since last storm, and
Po = total soluble pounds of pollutant remaining on

land use i at end of last storm.
The dust and dirt accumulation rate is often given in terms of pounds

per day per 100 ft of curb instead of curb-miles, but the latter units
are used here for ease in comparison with other portions of the report.
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The parameter N_ is the number of dry days since the last storm, not
the number of days since the last storm or street cleaning operation.
This is due to the fact that, in most cases, the interarrival time
between storms is less than the street cleaning interval. The latter
generally ranges from one to two days to several months. Allowance for
street sweeping is incorporated later in the report.

The parameters ddi’ F. . and G ; are functions of land use, i. The dust
and dirt loadings, dd.)”and po&iutant fractions, Fi 4, are usually based
for the most part on “the 1969 APWA Chicago data’ "’“and are shown in
Table V-3, Parameters for Surface Pollutant Accumulation Used in SWMM
and/or STORM. The extensive efforts documented in Volume IIT of this
report allow the updating of all parameters of this table, as will be
described subsequently.

The insoluble portion of pollutants is accounted for (in STORM and SWMM)
by addition of a fraction of the solids concentration to predicted
effluent concentration (of the soluble portion). For example, SWMM
adds five percent of the S§ concentration to the soluble BOD concentration
to obtain total BOD, on the basis of calibration of the original
" SWMM in San Francisco. This is because of the reliance upon the

1969 APWA Chicago data in which only soluble fractions were

reported. It is obvious that equation V-1 could be used to pre~

dict the total (soluble pPlus insoluble) mass of surface pollutant
accumulation simply by a redefinition of terms (and use of appro-
priate revised numbers). This would facilitate quality calibration

of the models and probably be as accurate considering the available
data. Final surface pollutant loads derived subsequently will

refer to total pounds of poliutants. The data presented in Volume

IIT will be utilized subsequently to revise the dust and dirt

loadings and pollutant fractions.

Starting with the Chicago study and followed subsequently by others,
it has become customary to report data in terms of mass of pollutants
per unit length of curb, under the assumption that the curbs and
gutters represent the main source area for acquisition of pollutants
by the storm runoff. 1In order to obtain loadings on a unit area
basis, it is necessary to obtain the length of curb per area for each
land use, thus defining the parameter GL in equation V-1.

It is expected that G. would be a function of land use, which in turn
is a function of popu%ation density, PD. Curb length (taken as twice
street length) was related to population density in the Washington, DC
area by Graham et al.® Their data were augmented by data from other
parts of the country as described in Volume ITII, resulting in

PD

G, = 0.0782 - 0.0668 - 0.839 ¢ (V-2)

where G curb-miles per area, mile/acre, and

PD. = developed population density, persons/acre.
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Table V-3.

IN SWMM AND/OR STORM

PARAMETERS FOR SURFACE POLLUTANT ACCUMULATION USED

Except as noted, values are for soluble portion and derived from the

1969 APWA Chicago study.’

Land Use
1. Single- 2. Multi- ) a
Parameter Units family res. family res. 3. Commercial 4. Industrial 5. Open
Dust and dirt
loading, dd, 1b/day-curb-mile 40.0 121.0 174.0 243.0 79.2
kg/day-curb-km 11.4 34.4 49.4 69.0 22.5
Pollutant frac-
tionsb, F .
a 1,3
(SWMM) 0 1.0 0 1.0 1.0
& (STORM) 0.111 0.08 0.17 0.067 0.111
Settleable Solids® 1 0.1 1 0.1 0.1
(SWMM)
. Settleable Solids® 0.011 0.008 0.017 0.007 0.011
(STORM)
BODs 0.005 0.0036 0.0077 0.003 0.005
COD 0.04 0.04 0.039 0.04 <0,02
Total P04 0.00005 0.00005 0.00007 0.00003 0.00001
Total N 0.00048 0.00061 0.00041 0.00043 0.00005
Grease? 0.001 0.001 -0.001 0.001 0.001
Total Coliforms MPN/g 1.3 x 10% 2.7 x 10° 1.7 x 10° 1.0 x 10% 0.00

aAll values assumed.

Fraction refers only to soluble fraction of dust and dirt (except for solids).

All values assumed at 10% of value for SS.
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Equation V-2 seems to work well for residential areas, but the curb

length concept is troublesome when one is evaluating commercial, indus-
trial or open areas. For example, what is the equivalent curb length

of a shopping center? Data from other sources are compared in Table

V-4, Measured Curb Lengths for Various Land Uses. An average of the
Tulsa” and OntarioZ23 data is used in the analysis. Specific data for resi-
dential areas are used in lieu of equation V-2, since the equation was
developed to predict curb length as a function of population density
averaged over all land uses. However, the equation may be used when
considering an overall urban area.

To summarize, the surface accumulation methods are convenient for
modeling purposes and illustrate the linkages between various causa-
tive factors. The key missing factor is a link between the surface
loads and effluent loads that has been verified by measurements of
both. Until this is accomplished, such a link must be hypothesized in
its mathematical formulation, as done_in SWMM and STORM. However,
equation V-1 is used in developments that follow to relate loadings
between different land uses and pollutants; hence, the reason for the
previous developments. The other side of the coin, that is, results
derivable from effluent data alone, will be discussed next.

Effluent Concentration Methods

Many studies in recent years have reported measured concentrations

of pollutants in storm and combined sewer discharges. If the flow
rate is also known, the mass flow pollutograph may be determined
(e.g., 1bs/min of BOD) and integrated to produce the total mass
emission for the storm discharge. When distributed over the area of
the catchment and divided by the number of preceding dry days,
normalized loadings (e.g., mass—BOD/area—day) may be determined. Some
studies report these values directly, while others report a lesser
amount of information. In general, the surface loading may be deduced
from a measured average concentration and assumed runoff quantity:

M=P+«C-CR:.p (v-3)
where M = pollutant loading, mass/area-time,
P = precipitation, depth/time,

C = average concentration = mass of pollutant per mass
of total sample,

CR = runoff coefficient, and
p = water density, mass/volume.
For an individual storm, preceded by ND dry days, the total depth of

precipitation, Ps’ may be given. Then,
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— S * hant
M = N (V-4)

For annual average computations it may be assumed that, on an average
basis,

P = % (V-5)
and
N =382 (¥-6).
where P = average annual precipitation, depth/year,
Ps = average precipitation per storm, depth/storm,
ND = average number of dry days between storms, and
0 = average number of storms per year.

Equation V-3 may thus be used to compute average annual values since
it results from substitution of equations V-5 and V-6 into equation
V-4.

Equation V-3 may be converted to convenient units. For instance,

M(dafiZcre) - P(%%ﬁ . C(loéblb) " CR 62'4(if§9 ) gg%gg ftz ' lgtin.
—Jr
365 day
or
M=6.21 x10* . P .c . cr (V-7)
where M = average surface loading, lb/day—acre,

P = annual precipitation, in/yr,

C = pollutant concentration in discharge,
mg/l or ppm; and

CR

]

runoff coefficient, fraction.

Use of equation V-7 suffers from several difficulties. It is
inherently an average, and is susceptible to the assumptions of
equations V-5 and V-6. It requires the use of a flow weighted
average concentration. Unfortunately, such values are seldom
reported in the literature, if indeed any specification is made as
to the types of "average' concentration presented. Runoff is
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generated by the simplest of methods, that of a runoff coefficient
‘with all of its well-documented errors.

On the other hand, measured concentrations do in fact represent the
real amount of pollutants being discharged, and thus incorporate all
of the unknown factors involved in trying to generate surface loads
coupled with a wash-off and transport mechanism. These include such
factors as dust fall, air pollution and several others not specifi-
cally addressed in this study. Furthermore, for purposes of the
nationwide assessment performed in this study, very simple methods of
runoff and quality generation must be employed. Hence, equation V-7
is consistent with other levels of analysis used in this research.

In the same manner that surface accumulations could be considered
functions of population density and land use, so can surface loadings
derived from effluent data. In particular, both the concentration and
runoff coefficient are clearly such functions; the latter has been dis-
cussed in the previous section. In order to ascertain the functional
relationship between the surface loadings and population density, avail-
able data for the residential areas for which population density is given
have been tabulated. Derived surface loadings are given in Table V-5,
Surface BOD Loadings for Residential Areas as Derived from Effluent
Measurements. The cities included in the table all had data for resi-
dential areas for which population density was specified and from which
surface loadings could be derived. The list is not meant to be exclusive
but represents data that were readily available during the study.

The vast disparity among all the data may be seen in Figure V-4, Resi-
dential BOD Loadings vs Developed Population Density. Both separate storm-—
water and combined sewage loadings vary by over an order of magnitude.
Unfortunately, the variation persists if normalized by dividing by annual
precipitation (not shown). Three cities -- Atlanta, Bucyrus, and Durham --
produce very high results compared to the bulk of the data. The reason

for this is primarily variation from strictly residential land use. 1In
addition, the open channels in Durham had characteristics of open sewers.
The values are so high as to be inconsistent with the rest of the data and
are omitted from subsequent analysis. The remaining data still show
considerable scatter, but will be utilized to derive required relation-
ships.

LOADING PREDICTION FOR NATIONWIDE ASSESSMENT

Form of Equation

Surface pollutant loads generated by the pollutant load estimating
equation will be assumed to "wash off" on an annual basis for purposes
of the nationwide assessment. Hence, they must be representative of
actual measured effluent loads. Moreover,. they should be functionally
related to causative factors in a reasonable manner. They are expected
to be functions of land use and population density. In addition, the
extensive presentation of Volume III showed geographical variations in,
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Table V-5. SURFACE BOD LOADINGS FOR RESIDENTIAL AREAS AS
DERIVED FROM EFFLUENT MEASUREMENTS

Note: Surface loadings are taken directly from
the source if computed therein, or derived
from mass emission (e.g., 1lbs/storm) data,
if listed. Otherwise equation V-7 is used
(for cities for which runoff coefficient
and BOD concentration are listed).

. BOD Population
Catchment Annual BOD Surface Loading Density
Site or. Sewer Area Precip. Runoff Conc. 1b/ac-day Persons/ac
Cicy Station' System ac (ha) in. (cm) Coef . mg/1 (kg/ha - day) (persons/ha) Reference
Tulsa 3 Separate 550 (223) 48 {122) 0.0381 (0.0428) 7.13 (17.61) 9
5 :: 507 (205) 0.0901 (6.1012) 8.93 (22.06) .
7 . 197 (80) 0.0417 (0.0468) 11.55 (28.53)
8 . 211 (85) 0.089% (0.1009) 11.37 (28.08)
9 . 64 (26) 0.0544 (0.0611) 13.67 (33.76)
11 - 815 (330) 0.0963 (0.1081) 9.57 (23.64)
13 . 212 (86) 0.0679 (0.0762) 2.36 (5.83)
15 74 (30) 0.0688 (0.0772) 11.22 (27.71)
Bucyrus 8 Combined 179 (712) 35 (3%) 0.39 120 1.017 (1.142) 11.7 (28.9) 1
17 " 614 (249) 0.41 107 0.953 (1.070) 9.1 (22.5)
23 " 378 {153) 0.35 108 0.821 (0.922) 5.0 (12.4)
Atianta Confed. Ave. Combhed 1129 (457) 48 (122) 0.31 210 1.94 (2.178) 10.9 - (26.9) 11
Blvd. " 2421 (980) 0.42 84 1.05 (1.179) 16.6 {41.0)
Mchan St. " 968 (392) 0.42 286 3.58 {4.019) 13.2 (32.6)
Harlan Separate 954 (386) 0.33 7 0.069 (0.077) 9.7 (24.0)
Casplan "o 517 (209) 0.56 20 0.334 (0.375) 7.3 (18.0)
Fed., Pris. " 1498 (606) 0.31 26 0.240 (0.269) 4.8 (11.9)
Islnok.u Trout Run Separate 997 (404) 34 (86) 0.0363 (0.0408) 11.0 (27.2) 12
Murray Run " 909 (368) 0.0428 (0.0481) 6.6 (16.3)
24 st. " 1034 (419) 0.0233 (0.0262) 9.7 (24.0)
Milwaukee Hawley Rd. Combined 495 (200) 31 (79) 0.40 49 0.377 (0.423) 35.0 (86.5) 13
- Wash, D.C. Good Hope Run Separate 265 (107) 41 (104) 0.063  (0.071) 37.6 (92.9) 14
B4 Combined 105 (43) 0.247 (0.277) 43.6 (107.7)
G4 " 222 (90) 0.381  (0.428) 52.6  (129.9)
Des Moines S5~-1 Separate 315 (128) 31 a9 G.10 48 0.093 (0.104) 7.4 (18.3) 15
5-3 R 356 (144) 0.10 63 0.121 (0.136) 5.3 (13.1)
0-3 Combined 4050 (1640) 0.15 69 0.199 (0.223) 7.5 (18.5)
0-6 " 5600 (2267) G.15 95 06.275 (0.309) 8.3 (20.5)
0-8 " 1350 (547) 0.15 68 0.197 {0.221) 10.9 (26.9)
0-8A " 927 (375> 0.15 77 0.222 (0.249) 10.9 (26.9)
Cincinnati Mt. Washington Separate 27 (883} 40 (102) . 0.0904 (0.1015) 9.0 (22.2) 16
Durhan E-1 Separate 56 (23) 45 (118) 0.29: 25 0.202  (0.227) 4.9 (36.8) 17
W-1 " 169 (68) 0.35b 61 0.59¢6 (0.669) 2.6 (6.4)
W24 : " 69 (28) 0.34 38 0.361  (0.405) 1.0 (27.2)
W-2B " 138 (36) 0.36: 51 0.513 (0.576) 13.4 (33.1)
N-1 " 183 (74> 0.36 71 0.714 (0.802) 4,2 (10.4)
Seattle Low Dens. §eparate' c 36 1) 0.04 (6.045) 11.0¢ (27.2) 18
Mad. Dens. " < 0.07 (0.079) 22.0: (54.3)
High Dens. " ¢ 0.13 (0.146) 30.0 (74.1)
Windsor Labadie Rd. Separate 10 a2y 33 (84) 0.059  (0.n66) 20.0 (49.4) 19

*Site or station as listed in source documentation.
b\ulu computed using imperviousness.
%ywthcttcnl area based on measured data.

‘An\-ed on basis of dwelling units per acre.
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say, dust and dirt loadings, although it is not immediately obvious as
to how these loadings differ in a commercial or industrial area from
one point in the country to another. The key climatic parameter is
precipitation, since the more precipitation that occurs, the more likely
it is that pollutants will be washed off the surface and appear as
effluent loads instead of being removed by other means such as street
sweeping or wind. Total annual pollutant loads from storm runoff are
lower in arid regions for this very reason.

These considerations led to the selection of a predictive equation in
which the loading is proportional to precipitation, for all land uses.

It will 2lsc be proportional to a function of population density

for residential areas which is intended to account for many other
implicit factors such as age of area, imperviousness, runoff
coefficient, etc., all of which are functions of population density.
Lastly, it is also a function of street sweeping efficiency. This
formulation may be easily applied to all parts of the country because
precipitation and population density data are readily available.
lowever, these parameters are about the only ones (other than areas)
that are available, ruling out more complicated functions. The
loading, M, will thus be represented functionally as:

M=aqa - fl(P) . fz(PDd) f f3(NS) (v-8)

where the coefficient o and functions fl, f,, and f, are to be determined
below and N is the street sweeping interva%. The procedure to be fol-
lowed will ﬁevelop appropriate parameters for residential areas first,
which will then be extended to other land uses.

Precipitation Function

1f average BOD loadings for the cities of Table V-5 (omitting Atlanta,
Bucyrus and Durham) are plotted versus annual precipitation (not

showvn), no clear relationship is indicated. Hence, the data will simply
be averaged to obtain the factor o and f, (P) of equation V-8 for BOD.
That is, it is assumed that the loadings™are directly proportional to
precipitation, such that zero precipitation generates zero stormwater
pollution. This is supported by equation V-7, Hence,

fl(P) =P (v-9)

and the parameter o is obtained as an average of the seven remaining
cities of Table V-5 for which separate data are available. Thus, for
BOD for residential areas,
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, : 7 1
1 7 lo;dlngi 1 4 :_
0=7 I T 7L | |
i=1 i 7 ‘ ‘ (v-10)

1b-BOD _ kg~BOD
0.80 ZE:IET“v°’35 Eﬁ:zﬁ—

Annual average BOD loadings for residential areas are now predicted by

= . . ~ : ' -11
M=0.80 - P £,(PD,)  f3(NS) , (V-11)

where M = annual average BOD loading for separate sewered,
residential areas, 1b-BOD/ac-yr,

P = annual precipitation, inches/year,
Pqi=,developed population density, pérsons/acre; and

Ny= street.sweeping interval, days.

For combined areas, the equation will be identical, except that a
parameter B will be employed instead of o in order to distinguish
between combined and separate areas. For BOD for residential areas,
the value of B is computed using average values for Des Moines,
Milwaukee and Washington, DC from Table V-5

3 loading, l"3 M, . 1
B = %‘ I ———=3 I 57 o (V-12)
i=l  Ti i=1 "1

- 3.3 lb—?OD = 1.5 kg—BOD
ac-in. ha-cm

Annual BOD loadings for résidential areas served by combined sewers are
thus, ' A . .

M=3.3 P £f,(PD)- fBGNS) . (V-13)

where parameters are as previously defined.

It may be seen that for the same population demsity and precipitation,
combined BOD loadings are 3.3/0.80 = 4.12 times higher than separate
loadings. This agrees with an independent survey of available data by
Lager and Smith20 in which average BOD concentrations in combined sewage
of 115 mg/l are 3.83 times greater than the average BOD concentration of
30 mg/l in separate sewers. The difference in loadings is due mainly to
‘residual matter left in conduits between storms since simple mixing of
storm water and dry-weather flow, or differences in population density
between separate and combined sewer areas will not explain the fourfold
variation in concentrations and loadings.

143

S L BT S S T L A N, s At oo



Population Function

The data of Table V-5 and Figure V-4 incorporate all the available
information about the relationship of BOD loadings with population
density implied by equations V-7 and V-8. 1In order to extend the data
base slightly further, it will be assumed that combined area loadings
increase with population density, PDd, in the same manner as do separate
area loadings. The data base can thén be extended slightly by normalizing
by the average loadings for séparate and combined areas. Omitting the data
from Atlanta, Bucyrus and Durham, Table V-6, Normalized BOD Loading Data,
may be prepared. Finally, the data of Table V-6 may be plotted, as shown
in Figure V-5, Normalized BOD Loadings vs Developed Population Density. A
point has been added that represents the loading in open space of 0.00982
1b-BOD/ac-day (0.0110 kg-BOD/ha-day) where presumably the population density
is zero. (The derivation of this value is shown later.)

Inspection of Figure V-5 shows such scatter that no statistically .
significant relationship is likely to be derived from the data.
Rather, an argument must be made upon the expected form of the func-
tional relationship, and the data used only to obtain a calibration.
This relationship is expected to be similar to those developed earlier
for imperviousness and curb length, namely increasing rapidly at

low population densities and leveling off at high ones.

The concentration of stormwater pollutants is M/AR, or

w wPl£,(PD) ] st
AR ~ K[0.15 + 0.75 1]P
» (0.573-0.0391 log, , PD) (V-15a)
where I =20.096 PDd , Or
I ~0.096 PDdO'54 (V-15b)

and K is a conversion factor, for example, the value that appears in
equation V-7 in order to achieve units of mg/l. Depression storage is
omitted in the approximation of annual runoff. Thus,

M o[£, (PD)]
AR 0.54. ° (V-16)
K[0.15 + 0.072 PDd 7
Given that f_(PD) has a minimum where PDd = 0, then a reasonable
functional f6rm for f (PQP is
2
— m —
fz(PQQ = a+ b PDd (v-17)
where a = 0.142 = value at PD. = 0 (from open space value),

d
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Table V-6. NORMALIZED BOD LOADING DATA

Note: Values obtained from Table V-5, omitting data from Atlanta, Bucyrus and Durham.

Average
Loading Population
1b~BOD Loading Density
ac-day City Ave. Loading Persons/ac (Persons/ha)
(kg-BOD
ha~day
Separate 0.0693 Tulsa 0.550 7.13 ( 17.61)
Areas (0.0778) 1.300 8.93 -( 22.06)
0.060: 11.55 ( 28.53)
1.297 11.37 ( 28.08)
0.785 13.67 ( 33.76)
1.390 9.57 ( 23.64)
0.980 2.36 ( 5.83)
0.993 11.22 ( 27.70)
Roanoke 0.524 11.0 ( 27.2)
0.617 6.6 ( 16.3)
0.336 9,7 ( 24.0)
Wash. D.cC. 0.909 37.6 ( 92.9)
Des Moines 1.342 7.4 ( 18.3)
1.746 5.3 ( 13.1)
Cincinnati 1.305 9.0 ( 22.2)
Seattle 0.577 11.0 ( 27.2)
1.010 22.0 ( 54.3)
1.876 30.0 ( 74.1)
Windsor 0.851 20.0 ( 61.8)
Combined 0.271 Wash. D.C. 0.911 43.6 (107.7)
Areas 1.405 52.6 (129.9)
(0.304) Milwaukee 1.391 35.0 ( 86.5)
Des Moines’ 0.734 7.5 ( 18.5)
1.014 8.3 ( 20.5)
0.727 10.9 ( 26.9)
0.819 10.9 ( 26.9)
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Figure V-5. Normalized BOD Loadings vs Developed Population

Density.

Data from Table V-6.
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and developed population density will be used for consistency. Note

" that, depending on the assumed ‘value of m, the concentration of storm
water pollution will vary accordingly. Since no firm arguments can he
made on the nature of the concentration function, it will be assumed
that m is equal to the approximate exponent in the runoff equations or
m = 0.54. Thus, fZ(PDd) = 0.142 + b pp 0-54, Lastly, all data points
with a PD, ranging from 5 to 15 persons per acre (12 to 37 persons/ha)
are averaged to obtain a calibrated value of f_(PD) = 0.895 at 10
persons per acre (25 persons/ha). This range is chosen because data
from most cities fall within it. Thus, the final equation is

£,(PDy) = 0.142 + 0.218 Pod°'5" | (V-18)

where PDd = developed population density, persons per acre.

The reasonableness of equation V-18 can be checked by estimating the
variation in concentration as a function of population density. From
equations V=11 and V-18, the annual BOD loading is

M=0.80 - P - (0.142 + 0.218 PDdO'SA) (v-19)

and annual runoff, AR, using the approximate New Jersey21 equation
(equation V-15b) for imperviousness is:

54

AR = [0.15 + 0.75(0.096)PDd0' ]-p (V-20) -
Thus, .
M 0.113 + 0.174 PDdO’54 ;
= = (V-21)
AR ¢10.15 + 0.072 PDd°’54]

Using K = 0.227 to convertto mg/l from the ratio of 1bs/ac-yr per in./yr
this ratio, which is plotted in Figure V-6, BOD Concentration Variation
Using Estimating Equation, shows concentration increasing with population
density which does seem reasonable. The range of average annual concen-
trations is lower than values shown in Table V-5 since it represents the
average over the total residential area of a city. Unquestionably, the
data base for estimating pollutant loads is very weak, and the resulting
estimating equation, supported by such a weak foundation should be used
with extreme caution. ‘ \
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Adjustment for Street Sweeping

In STORM, the computation of stormwater runoff quality parameters is
dependent upon the analysis of the accumulation and washoff rate of the
various pollutant loads. Related to the accumulation of pollutants is
the frequency of street sweeping. If the number of days since the last
runoff is less than the interval between street sweepings, the accumu-
lation of pollutant j on land use i at the beginning of a storm is
computed according to equation V-1. . However, if the number of days
without runoff is greater than the street sweeping interval, P, . is com~
puted as s

P, , = Po(l—e)n + NSDDiFi’j[(l-E)n + (l—a)n-1 + .00+ (1-e)]

1,3 (V-22)

+ DDiFi’j(ND—nNS)

where Pi . = total pounds of pollutant j on land use
»J i at the beginning of the storm,
Fi , = pounds of pollutant j per pound of dust
»J and dirt for land use i,
ND = number of days without runoff since the

last storm,

P = total pounds of pollutant j remaining on
land use i at the end of the last storm,

DDi = dust and dirt loading for land use i,
1b/day = ddi . GL,i © A from equation V-1,
Ns = number of days between street sweeping,
n = number of times the street was swept since

the last storm, and

€ street sweeping efficiency.
Note that total pounds of pollutant (nmot soluble only) are used in the
equation, in keeping with the discussion following equation V-l.

Unfortunately, street sweeping frequencies and efficiencies are often not
readily available for a study area. One can see that this is not a
parameter to be taken lightly, especially when equation V-22 is used

to compute pollutant accumulations. Nevertheless, it can be shown
that, if the street sweeping interval is sufficiently large, it has no
significant effect on pollutant accumulation and runoff quality. This

is due to the fact that storms that occur within this interval will wash
off the pollutants before they can build up and be removed by a sweeper.
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The City of Des Moines, Iowa was chosen to demonstrate this contention.
Des Moines is a moderately sized city with approximately 255,000 people
and an annual average precipitation comparable to the national average.
STORM was run using the precipitation record for the year 1968. Pre-
viously calibrated loading factors were also used. The street sweeping
frequency was varied and the effect on the computation of annual average
BOD and suspended solids concentration noted. The results are shown in
Figure V-7, Effect of Street Sweeping Frequency on Annual BOD Concen-—
tration in Urban Stormwater Runoff - Des Moines, Iowa.

The results show that there is a point after which the magnitude of
the street sweeping frequency has no effect on the computed values of
average annual BOD and suspended solids concentrations. In this case,

after approximately 20 days, STORM was insensitive to changes of the
street sweeping interval. Thus,

N_/20 if 0 2 N_ = 20 days
f3(Ns) =y= ' (V-23)
1 otherwise

where y = proportion of pollutant load remaining after
street sweeping, and

N, = street sweeping interval, days.
Due to insufficient data on street sweeping frequencies and associated
control costs in the 248 urbanized areas, no adjustment was made in the

calculated loadings to account for removal due to sweeping. Alternatively,
Y was set equal to 1 for all cities.

Conversion for Alternate Land Uses and Pollutants ‘

Different pollutants and land uses will generate different loadings
for at least three reasons. First the dust and dirt loadings for
different land uses differ. Second, the conversion factor of curb
length per area is different for different land uses. Third, the
pollutant fractions (as a fraction of dust and dirt) are different

for different land uses. These factors are used to extend the
equations developed for BOD for residential areas to similar equations
for commercial, industrial and open land uses and for suspended solids,
volatile solids, total PO4 and total N.

It is assumed that fractions and ratios of pollutants as they appear
in effluents will be the same as those determined from analysis of
surface accumulation data. The parameters shown in Table V-7, Surface
Loading and Pollutant Fraction Data, are used for conversion purposes.
They are selected from the extensive survey material presented in
Volume II1I. Where no data are available for pollutants as a fraction
of surface dust and dirt, use is made (as a second choice) of similar
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Table V~7.

SURFACE LOADING AND POLLUTANT FRACTION DATA

Except as noted, all data are from Volume IIT,
Table: "Average Daily Dust and Dirt Accumulatlon
and Related Pollutant Concentrations for Select

Field Observations."

Missing entries are not

given in original table or not used in analysis.

Residential
Single Family Mult Family Average Commercial Industrial Opena All Data
Dust and Dirt
Accumulation dd, EZ;:E%%E‘EIIE 62 113 87.5 166 319 50 159
EE;:EE%E—EIIE 17 32 24.8 47 90 14.2 45
BOD - ppm of ddy 5260 3370 7190 2920
ppm of total solids (TS)? 29840 83800 25850 18990
Total PO, - ppm of ddi . ) 170
ppm of TS 1670
Total N ~ ppm of ddi . 664°
ppm of TS 10170
Suspended Solids-ppm of TS® 609200 582300 619500 453200
Vblatile Solids-ppm of TS? 353060 367700 306100 437500

*Values taken from Volume II1, Table: "Mean

bSum of K-N plus NOB-N.

“Value of organic - N only.

Pollutant Concentrations for Total Solids and Street Solids Accumulations.™
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data developed for pollutants as a fraction of total solids (TS).

The BOD data are first converted to other land uses using equation V-1
as indicated below, and using i = residential (res) land use as the
reference:
‘ ad G | F
, ' i L,i ., i,BOD
a(i,B0D) = a(res,BOD) °* aa e 2 F * (V-24)
res L,res res,BOD

where dd, = dust and dirt accumulation on land use i,
+ 1b/day-curb mile,

G. i = curb miles per acre for land use 1 from
L" Table V~4, and

F, = fraction of dust and dirt that is BOD on
i,B0D land use 1.

For example, the parameter o for BOD for commercial land use for separate
areas is

166 x 7190 = 0.070
353465 0.059

o (com, BOD) 0.80 -

(V-25)

3.2 lb—?OD = 1.4 kg-BOD
ac-in. ha-cm

where the number 353,465 is the average product of dd, * F, , for j = BOD
and i = single and multi-family residential and is equal to*d

62 x 5260 + 113 x 3370
2 .

After determination of BOD for each land use, i, other quality param-

eters, j, are computed on the basis of relative values of the fractions,

Fi,j' Thus,

F, .
a(i,3) = a(4,B00) 71—, (v-26)
i,BOD

For example, the parameter o for total PO4 in commercial areas is

1b-PO

_ 170 _ 4
a(com,P04) = 3,2 x 7190 0.076 ocin. (v-27)
kg—PO4
= 00034 .
ha-cm

For total nitrogen, N, in residential areas the calculation is similar but

includes the average product of ddi . Fi 3
s
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0.80 : 664 - + = -
a(res,N) = 4 35§6Z65 113)/z 0.13 ———ailjig (V-28)

= 0.058 _kg-N

ha~cm

For open land use and for suspended solids and volatile solids no data
are available for fractions of dust and dirt, so fractions of total solids

are used for values of F in the ratios. For example, for suspended solids
in commercial areas,

3.2 x 382,300 _ . 1b-ss

a(com,§5) = 3.2 x 83,800 ac-in (v-29)
= 9.8 kg-8§ .
ha-cm

Computations for combined areas are carried out in the same manner

to calculate the B parameters. The final result is shown in Table
V-8, Pollutant Loading Factors for Nationwide Assessment. Use of

the same adjustment factors for combined and separate areas leads

to the same ratio B/a = 4.12 for all entries in the table. The
assumption is probably not too bad, although some studies have shown
higher ratios of volatile solids to suspended solids, for example, in
combined sewage than in storm runoff alone.22

The BOD loadings are compared to dry~weather flow loadings in Table
V-9, Comparison of BOD Loadings, for residential land use, Storm and
combined runoff can be seen to be comparable to treatment plant
effluent, although on a city-wide basis they would be greater because
of higher loadings for commercial and industrial areas. Of course,

BOD loads in both storm and combined sewage are in addition to the dry-
weather flow loads since the usual BOD load for the latter of 0.17
1b/person-day (0.08 kg/person-day) is based upon measurements of flows
actually received at treatment plants. The data from which the loadings
shown in Table V-8 were derived reflect discharges over and above those
received by the plants.

TABULATION OF NATIONWIDE BOD LOADS

In order to minimize the volume of material presented for each city in
the assessment, only BOD loadings were tabulated. The equations indi-
cated in Table V-8 may easily be used to calculate loadings of any of
the desired parameters, given the precipitation and population density
of the area of interest. As described in Section IITI, land use varia-
tions are determined by first computing the fraction of undeveloped land
in the urbanized area. The remaining land has a constant distribution
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Table V-8. POLLUTANT LOADING FACTORS FOR NATIONWIDE ASSESSMENT

The following equations may be used to predict annual average

loading rates as a function of land use, precipitation and population
density. )

. = P . ey —1b
Separate Areas: M a(i,j) - P fz(PDd) Y acte<yr
Combined Areas: M_ = g(i,j) + P + £,(PD,) * Y b _
’ c ’ 2¥d acre-yr

where M = pounds of pollutant j generated per acre of

land use i per year,

P = annual precipitation, inches per year,
PDd = developed population density, persons per acre,
a,B8 = factors given in table below,

Y street sweeping effectiveness factor, and
fz(PDd) = population density function.

Land Uses: Residential

Commercial

Industrial

Other Developed, e.g., parks, cemeteries, schools

(assume PDd = 0)

E VIR SR

L e e b e
wowonon

Pollutants: BOD,., Total
Suspended Solids (SS)
Volatile Solids, Total (VS)

Total PO4 (as POA)

Lt e Lo Lae
wonononu
LU I S VU (S

Total N
Population Function: 1 =1 £,(PD,) = 0.142 + 0.218 .‘PDdQ'54
i=2,3 £,(PD) = 1.0
i=4 £5(PDy) = 0.142

Factors o and B fbr Equutions: ‘Separate factors, o, -and combined factors,
8, have units lb/acre-in. To convert to kg/ha~cm, multiply

by 0.442.
Pollutant, j
Land Use, 1 1./BOD5 2. SS 3. VS 4, PO4 5. N
1. Residential 0.799 16.3 9.45 0.0336 0.131
Separate 2. Commercial 3.20 22.2  14.0 0.0757 0.296
Areas, o 3. Industrial 1.21 29.1 14.3 0.0705 0.277
4, Other 0.113 2.70 2.6 0.00994  0.0605
1. Residential  3.29 67.2  38.9 0.139 0.540
Combined 2. Commercial 13.2 91.8 57.9 0.312 1.22
Areas, B 3. Industrial 5.00 120.0 59.2 0.291 1.14
4. Other 0.467 11.1 . 10.8 0.0411 7 0.250

Stfeet Sweeping: Factor y is a function of street sweeping interval,
NS, (days):

N /20 if 0 < N_ < 20 days
=3 - 8 — K

1.0 if N> 20 days
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Table V-9. COMPARISON OF BOD LOADINGS

Assume residential land use; PD. = 10 persons/acre (24.7
persons/ha), P = 30 in./yr (76 cm/yr), and vy = 1.

1b/ac-yr kg/ha-yr
Separate Areas 21
Combined Areas 88
Dry Weather 621
DWF at 85% Treatment? 93

aAssuming 0.17 1b~BOD/persons-day (0.08 kg-BOD/person-day).

of land uses, and can be used to weight the pollutant loading factors to

glve an average over all land uses as follows:

4

M=P ¥ w, o a(i,j) - fz.(PDd)

i=1 i

“ v,

(V-30)

The land use distribution fractions, w,, are given below from Table III-3:

Land Use Fraction, Wy
1 Residential 0.584
2 Commercial 0.086
3 Industrial 0.148
4 Open 0.182
1.000
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When equation V-30 is applied to BOD loadings for separate areas, the
result is

=l
I

=0.42 - P + (0.142 + 0.218 PDd ) +-0.46P (Vv-31)
where M = average annual BOD loadings over four land uses,
1b-BOD/ac-yr,
P = annual precipitation, in./yr, and

PDd developed population demnsity, persons/acre.

For application to combined areas, the result is

M =1.73 - P - (0.142 + 0.218 PD ) + 1.9P,. (Vv-32)

d

These composite equations may easily be applied over the selected areas.
The results are shown for combined, storm (separate), unsewered (using
loadings for separate areas) and total land areas in Table V-10, Wet-
Weather BOD Loadings. BOD loadings are the only ones computed for the
sake of brevity. Values for other pollutants may be easily calculated
using Table V-8 and equation V-30.

Dry-weather flow loadings are computed simply on the basis of population
density assuming average annual BOD generation of 0.17 1b/person-day
(0.08 kg/person~day). Thus, BOD loadings are

Mpw = 62.1 PDd (v-33)
where Mbw = average annual dry-weather flow BOD loading,:
1b-BOD/ac-yr.

In combined sewers, deposition during dry-weather flow can amount to as
much as ten percent of the value of equation V-33, on an annual basis.?"
This could properly be subtracted from equation V-33 when used in combined
sewered areas since equation V-32 implicitly includes this deposition.
However, this refinement was not included in the assessment.

‘Values calculated using equation V-33 are presented in Tahle V-11, D Dry-—
Weather BOD Loadings. As would be expected, the most heavily urbanized
areas, USEPA regions 2 and 3, have the highest wet-and dry-weather BOD
loadings. It may be also noted that for the same population density,
areas with a large component of comblned sewers produce higher loads.-
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ABBREVIATIONS AND SYMBOLS

a
Ay

AR

BOD

BOD

COoD
com
CR

dd

DD,
i

DWF

Coefficient

Area of land use i

Wet-weather runoff, inches per year

Normalized pollutant loading factor for separate sewered areas,
pounds per acre-inch

Coefficient
Biochemical oxygen demand
Biochemical oxygen demand at five days

Normalized pollutant loading factor for combined severed areas,
pounds per acre-inch

Concentration, mass pollutant per total mass or mg/l
Chemical oxygen &emand

Abbreviation for commercial

Runoff coefficient

Pounds of accumulated dust and dirt (or "surface solids") on
land use i per curb-mile - dry day

Dust and dirt loading for land use i, pounds per day
Street sweeping efficiency

Abbreviation for dry—weather' flow and dry-weather flow runoff s
inches per year

Factor for adjustment of pollutant loads, a function of
précipitation

Factor for adjustment of pollutant loads, a function of
population density

- Factor for adjustment of pollutant loads, a function of

Street sweeping interval

Fraction of dust and dirt on land use i that consists of
pollutant j

Length of curb per area of land use i, curb-miles per acre
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Y Street sweeping factor

I Imperviousness as a fraction or percent

K Conversion factor

m Coefficient

M» -~ Pollutant loading, pounds per acre-year

M Pollutant loading averaged over different land uses,

pounds per acre-year

Mc Pollutant loading in combined sewered areas, pounds per
acre-year
Mbw v Pollutant loading under dry weather conditions, pounds per

acre-year

Ms Pollutant loading in separate sewered areas, pounds per
acre~year-
n Number of storms per year, also number of times street swept

since last storm

N Total nitrogen

ND Numbervof dry days since last storm

NS Street sweeping interval, days

P Precipitation rate, inches per year

Po Mass of pollutant on surface at end of previous storm, pounds

Pi,j Mass of pollutant j on surface of 1and use i at beginning of
storm, pounds

Ps Precipitation depth during one storm, inches

PD Population density, persons per acre

PDd Popuiation‘densitykin developed area, persons per acre

PO4 Phosphate or total phosphate

T Correlation coefficient

res Abbre&iation for residential

o Water density, pounds per cuhic foot
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SS Suspended solids

TOC Total organic carbon

TPO4 Total phosphate

TS Total solids

VS Total volatile solids

LA Fraction of total area consisting of land use i
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